Background: PepT1 transports dietary and bacterial peptides in the gut. We hypothesized that cysteinyl-glycine would ameliorate the inflammatory effect of a bacterial peptide, formylmethionyl-leucyl-phenylalanine (fMLP), in both sow-fed and parenterally-fed piglets. Methods: An intestinal perfusion experiment was performed in piglets (N = 12) that were sow-reared or provided with parenteral nutrition (PN) for 4 d. In each piglet, five segments of isolated intestine were perfused with five treatments including cysteine and glycine, cysteinyl-glycine, fMLP, free cysteine and glycine with fMLP, or cysteinyl-glycine with fMLP. Mucosal cytokine responses and intestinal morphology was assessed in each gut segment. results: PN piglets had lower mucosal IL-10 by approximately 20% (P < 0.01). Cysteinyl-glycine lowered TNF-α response to fMLP in PN-fed animals and IFN-γ response to fMLP in both groups (P < 0.05). The free cysteine and glycine treatment reduced TNF-α in sow-fed animals (P < 0.05). fMLP affected villus height in parenterally (P < 0.05), but not sow-fed animals. conclusion: Parenteral feeding conferred a susceptibility to mucosal damage by fMLP. The dipeptide was more effective at attenuating the inflammatory response to a bacterial peptide than free amino acids. This may be due to competitive inhibition of fMLP transport or a greater efficiency of transport of dipeptides.
t he products of protein digestion that are absorbed by the small intestinal epithelium include free amino acids and small peptides of two to three residues in length. These di/tripeptides are removed from the nutrient rich intestinal lumen by a H + /peptide symporter, peptide transporter 1 or PepT1 (1). This transporter is localized to the apical surface of the intestinal villi and has broad substrate specificity. Potential substrates for PepT1 include almost all possible dietary di/ tripeptides (1), some antibiotics (2-4) and proinflammatory bacterial peptides (5) (6) (7) (8) .
The primary neutrophil chemotactic substance produced by Escherichia coli is formyl-methionyl-leucyl-phenylalanine (fMLP) (9) . This tripeptide is the most predominant N-formylated peptide present in the colonic lumen of humans (9) .
PepT1-mediated transport of fMLP has been demonstrated in cell culture where uptake of fMLP was inhibited by the presence of known substrates of PepT1 (10, 11) . Further, the presence of fMLP induced neutrophil migration across an epithelial monolayer, an activity that was abolished if fMLP uptake was inhibited. PepT1-mediated transport of fMLP has also been demonstrated using in vivo rat models (12, 13) . In particular, uptake of fMLP has been investigated in rats using an intestinal perfusion approach (12) . Marked inflammatory response occurred in jejunal segments perfused with fMLP, an intestinal position known to have high expression of PepT1. This inflammation was accompanied by an increase in DNA binding by NFκβ, a transcription factor involved in the regulation of proinflammatory cytokines. This transcription factor is capable of inducing transcription of TNF-α, a potent proinflammatory cytokine involved in inflammatory disease (14) . Similarly, NFκβ is capable of promoting the transcription of IFN-γ (15), another proinflammatory cytokine. Therefore the induction of NFκβ by fMLP may also increase the concentration of both IFN-γ and TNF-α. Competitive inhibition of fMLP transport, or direct regulation of PepT1 expression, may have the potential to ameliorate intestinal inflammation in pathological conditions that result in an abnormally high presence of bacterial peptides in the small intestine.
The necessity for parenteral nutrition (PN) support represents a pathological situation for the gut that is characterized by greater intestinal permeability with potential for intestinal atrophy (16) . Furthermore, PN modulates the immune response of the intestine leading to higher risk of infection (17, 18) . This risk is potentiated via the suppression of the bactericidal response of the small intestine (17) and a reduction in Paneth cell function leading to an inability to replenish lost enterocytes (18) . A study measuring mRNA of amino acid transporters of parenterally and orally fed adult rats noted an increase in PepT1 mRNA in the distal small intestine (19) . This combination of sustained PepT1 with bacterial overgrowth in the small intestine, or bacterial infection due to PN, may facilitate greater uptake of bacterial peptides leading to the development of intestinal inflammation.
We used a piglet model of PN in combination with a ligated loop model of intestinal perfusion to investigate differences in cytokine concentrations and intestinal morphology after perfusion with fMLP alone or in combination with a competitor Articles Nosworthy and Brunton for PepT1, the dipeptide cysteinyl-glycine. The purpose of this study was to quantify factors related to an inflammatory response to fMLP in the distal small intestine of piglets with PN-induced intestinal changes, compared to healthy sowfed littermates. Further, we determined whether the mucosal response to fMLP was altered when presented to the small intestine with a dipeptide (cysteinyl-glycine), or the constituent free amino acids (L-cysteine and glycine). The selection of cysteinyl-glycine as the dipeptide for this study was based on the anti-inflammatory capacity of cysteine (20) as well as our previous work demonstrating that cysteinyl-glycine reduced the mucosal concentration of proinflammatory cytokines in a piglet model of short bowel syndrome (21)
RESULTS
Throughout the perfusion studies, all piglets remained stable, well-oxygenated, and maintained a core body temperature between 37-39 °C. Piglet weights did not differ between the two diet groups at the initiation of the loop procedure (PN: 2.60 ± 0.23, SF: 2.61 ± 0.23).
Mucosal Cytokines
Compared to SF controls, PN did not affect mucosal IFN-γ concentrations in intestinal loops not exposed to fMLP (Figure 1a) . Perfusion of intestinal loops with fMLP alone significantly increased the concentration of IFN-γ in both feeding groups (P < 0.001). Coperfusion of fMLP with cysteinyl-glycine resulted in significantly lower concentrations of IFN-γ in PN-fed piglets only (P < 0.01). In sow-fed piglets, inclusion of cysteinyl-glycine resulted in a variable IFN-γ response that was not significantly different from the control or fMLP loops. No significant differences were measured when fMLP was coperfused with free cysteine and glycine. Similar to the IFN-γ response, there was no effect of PN on mucosal TNF-α concentrations compared to SF in unstimulated gut segments (Figure 1b) . In both feeding methods, perfusion of fMLP resulted in a greater concentration of TNF-α compared to the control loops, regardless of the presence of either cysteine + glycine or cysteinyl-glycine (P < 0.05). Treatment with fMLP and amino acids demonstrated that there was a significant effect of the form of amino acids. Compared to fMLP alone, the dipeptide resulted in lower TNF-α concentrations stimulated by fMLP in both sow-fed and parenterallyfed piglets (P < 0.05). Overall, SF piglets had lower TNF-α responses to fMLP compared to PN animals when either free cysteine and glycine or the dipeptide was added to the perfusate (P < 0.01). The mucosal concentration of IL-10 was not affected by any loop treatment; however, piglets receiving PN had lower concentrations of the regulatory cytokine than their sow-fed littermates (P < 0.01) (Figure 1c C-mannitol disappearance showed no differences in mannitol concentration with any treatment or in either sow-fed or PN fed piglets (data not shown).
Myeloperoxidase Activity
Myeloperoxidase activity was measured in the intestinal mucosa as an indicator of neutrophil migration. There was no effect of route of feeding on basal myeloperoxidase (MPO) activity . Perfusion of intestinal segments with fMLP generated greater MPO activity in both groups, regardless of dietary regimen (P < 0.05). While the inclusion of cysteine + glycine with fMLP had no impact on MPO activity, samples coperfused with cysteinyl-glycine resulted in MPO activity that was similar to that of the control loops in both SF and PN piglets.
Intestinal Morphology
There was no effect of route of feeding or loop treatment on crypt depth (Figure 3 ). In the sow-fed animals, villus height was unaffected by exposure to fMLP. In the PN group, however, villi were significantly shorter in the loops perfused with fMLP (P < 0.05), and co-perfusion with either cysteine and glycine or cysteinyl-glycine were intermediate between the control and fMLP-treated gut segments.
DISCUSSION
The objectives of this study were to investigate the mucosal response to fMLP-induced inflammation in healthy vs. compromised gut and to determine the impact of cysteinyl-glycine on fMLP-induced inflammation. Not surprisingly, we determined that parenterally-fed animals were more susceptible to fMLP-induced inflammation than their sow-fed littermates. A novel finding is that cysteinyl-glycine was more effective at attenuating fMLP-induced TNF-α production in sow fed animals, compared to equimolar amounts of the constituent free amino acids. Intestinal mucosa exposed to only fMLP had greater concentrations of IFN-γ and TNF-α compared to control conditions. Previous work on other cell types such as neurons (22) , myeloid cells, (23) and peripheral blood monocytes (24) demonstrated that fMLP exposure induces expression of NF-κβ. In turn, NF-κβ can act on the promoter regions for proinflammatory cytokines such as IFN-γ and TNF-α (14) . In a positive feedback loop, TNF-α is also capable of inducing NF-κβ activation resulting in the propagation of the inflammatory response (25) . Although we did not directly measure NF-κβ, the conserved nature of the response to fMLP exposure across numerous cell types combined with the fMLP-induced increase of proinflammatory cytokines in the intestine suggests that enterocytes respond to fMLP in a similar manner.
Inclusion of the dipeptide cysteinyl-glycine attenuated fMLP-induced production of IFN-γ and TNF-α, potentially through the reduction of PepT1-mediated fMLP uptake via competitive inhibition. fMLP transport inhibition in the presence of other PepT1 substrates has been well described (5, 11, 12) . In this study, exposure of gut segments to fMLP resulted in greater concentrations of proinflammatory cytokines compared to control conditions, while coperfusion with cysteinyl-glycine attenuated this response as demonstrated by lower mucosal TNF-α concentrations. Lower tissue concentration of TNF-α potentially has a dual effect on the immune response; firstly, there would be a direct reduction of inflammation because of lower exposure to TNF-α and also, the autostimulation of TNF-α production through NF-κβ would be suppressed (14, 25) . Thus, the intentional provision of high concentrations of PepT1 substrates may lead to further reduction in the inflammatory response.
Interestingly, gut segments exposed to fMLP in combination with free cysteine and glycine suppressed the TNF-α response in sow-fed piglets, but not in the PN-fed littermates. Cysteine is part of the oxidative stress control system, independent of its role as a component of glutathione (20) . Both cysteine and 
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glycine have been demonstrated to exhibit anti-inflammatory effects in arterial endothelial cells through the reduction of NF-κβ activation (26) . The differing responses by diet treatment may be related to impairment of free amino acid uptake secondary to PN-induced intestinal atrophy (27) ; thus, the tempered response to free cysteine and glycine could be due to reduced amino acid availability.
To determine whether regulatory cytokines were also affected by route of feeding or fMLP exposure, we quantified mucosal concentration of interleukin-10 (IL-10). Unlike the proinflammatory cytokines measured, IL-10 concentration was not altered by exposure to fMLP. Piglets receiving PN, however, had lower mucosal IL-10 compared to their sow-fed littermates. Parenteral nutrition has been documented to lower IL-10 concentration (28, 29) , and to increase intestinal permeability (30-32) ; however, no difference in ileal permeability was detected in this study. As IL-10 can suppress IFN-γ production (33), the lower IL-10 concentrations in PN-fed animals could have contributed to the higher concentrations of IFN-γ found in this piglets when compared to SF littermates.
The disappearance of fMLP using a radiolabelled substrate was also quantified in this study, but we found no significant differences among any of the loop treatments or between dietary treatments. There are two possible explanations for this result. It may be that there was no difference in the uptake of fMLP from the perfusate. Alternatively, it is possible that the method we used to quantify fMLP disappearance was not sufficiently sensitive. Indirect evidence of fMLP uptake was provided by the differing concentrations of mucosal cytokines in the presence of the bacterial peptide. Similarly, different mucosal responses to fMLP perfused alone, with free amino acids or with cysteinyl-glycine suggest that there was potential inhibition when a dipeptide was present. Thus, we speculate that the detection method was not sensitive enough to quantify the movement of 3 H-fMLP. As a surrogate indicator of fMLP transport and its resultant impact on intestinal inflammation, mucosal myeloperoxidase activity was measured.
MPO activity was not affected by intestinal atrophy induced by PN, and cysteinyl-glycine was effective at attenuating fMLP-induced MPO activity in both sow-fed and PN animals. Previous studies have investigated MPO activity in response to fMLP in the small intestine and colon of rats (5, 12) . These investigations demonstrated that exposure to fMLP stimulated MPO activity in the small intestine, and only in colonic tissue of rats with PepT1 expression induced by small bowel resection. We have demonstrated that supplying a competitive inhibitor for fMLP uptake, cysteinyl-glycine, prevents significant stimulatory effects of fMLP on MPO activity in parenterallyfed piglets. Many studies have shown competitive inhibition of fMLP transport with dipeptides or other substrates of PepT1 (5, 11, 12) , but whether there is an additional benefit due to the presence of a particular dipeptide has yet to be determined.
The architecture of the ileal mucosa was not significantly altered after 4 d of parenteral feeding, although PN-feeding increased its susceptibility to fMLP-induced villus damage. Remarkably, after only 180 min of exposure to fMLP, villus height was measurably reduced. This effect is not limited to the ileum; a study in rats investigated the inflammatory effect of fMLP and found significant villus damage in the jejunum after perfusion with fMLP (12) . In the current study, the villi damage induced by fMLP was partially avoided when either cysteine + glycine or cysteinyl-glycine was included in the perfusate.
This study was the first to investigate the consequences of fMLP-induced inflammation in a parenterally-fed animal model. We found that parenteral feeding led to greater indices of fMLP-induced inflammation in the ileum and that the inclusion of a dipeptide, cysteinyl-glycine, in the lumen of the intestine partially ameliorated this response. Thus, deliberate feeding of peptides may represent an important therapeutic strategy toward reducing intestinal inflammation in fragile neonates in high risk situations, such as during the reintroduction of enteral feeding. Further investigation into the potential benefits of specific peptides with anti-inflammatory or antioxidatitive activities is warranted. 
METHODS

Study Design
In Situ Perfusion (Gut Loop Model)
On day 4 of study (d4 post-op for PN piglets), sow-fed and PN piglets were brought to the laboratory to undergo an in situ perfusion study. The piglets were preanesthetized with an IM injection of ketamine (20 mg/kg) plus acepromazine (0.5 mg/kg). Subsequently, the piglets were intubated and maintained under general anesthesia using 0.6-1.0% isoflurane (Abbott Laboratories, Montreal, QC) mixed with oxygen at a flow rate of 1.5 l/min. A laparotomy was performed to expose the small intestine. The sites for the five intestinal loops were located along the length of the distal small intestine (i.e., ileum). Closed loops of intestine consisted of 10 cm sections of intestine with inlet and outlet cannulas (inner diameter, 0.2 cm; outer diameter, 0.3 cm, Watson Marlow Pumps Group, Wilmington, MA) inserted through a small perforation at both ends of the 10 cm. A suture was placed around the tube and intestine, occluding flow of intestinal contents into that section. The loop was gently flushed of luminal contents using warmed (37 °C) Krebs-Ringer buffer until the effluent ran clear. Loops were separated by 30 cm of intestine with the last loop being placed 50 cm from the ileocecal valve. Piglets were kept warm by a homeothermic blanket and the exposed intestines were kept moistened with
